Median and 5-year age-standardized overall survival, causes of death, risk factor multivariate analysis using a clustered Cox proportional hazard regression model, and standardized mortality ratio were calculated for each of the 18 types of SSC.
H ematopoietic stem cell transplantation (HSCT) is a reasonable treatment option for a variety of malignant and nonmalignant disorders. In the past decades, the clinical outcomes of patients treated with HSCT have substantially improved.
1 With an increasing number of transplants performed yearly and with better outcomes, the number of patients surviving the acute phase of a transplant is steadily growing. By 2030, an estimated half a million people are expected to survive long term from HSCT in the United States and probably more than 1.5 million worldwide.
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Late complications are frequent in HSCT survivors, and life expectancy is not fully restored. [3] [4] [5] Second solid cancers (SSCs) are among the most feared late complications in HSCT survivors and are associated with substantial morbidity and mortality. [6] [7] [8] [9] [10] Among patients who survive 5 years or longer after allogeneic HSCT, second cancer is the main cause of death.
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Incidence and risk factors for SSC after HSCT have been evaluated. 7, [12] [13] [14] [15] [16] The cumulative incidence of developing SSC after transplant increases continually between 2% and 6% at 20 years and is substantially higher when compared with the incidence in the general population. Nonsquamous cell cancers, such as breast and thyroid, are strongly associated with exposure to radiation, 7,15,17 whereas squamous cell carcinoma of the skin and oropharyngeal region is associated with chronic graft-vs-host disease (GVHD). 12 However, outcome data of long-term survivors from the time of diagnosis of an SSC are scant. [18] [19] [20] The aim of the present study was to evaluate the outcome of patients with an SSC that occurred after HSCT, using a large cohort of patients from the 26 countries that participate in the European Society for Blood and Marrow Transplantation (EBMT) registry. We estimated overall survival (OS) of the different types of SSC from the time of diagnosis, evaluated the causes of death, investigated risk factors affecting OS, and compared the outcome of the different SSCs with a cohort of patients who developed the same cancer type but were not pretreated with HSCT.
Methods

Study Design and Population
This retrospective cohort study from the Late Effects Subcommittee of the Transplant Complications Working Party of the EBMT was based on the mandatory minimum data set reported to the EBMT Registry. This registry contains clinical data since 1977, including diagnosis, transplant, complications, and outcome, of patients who received a transplant. Patient data are reported exhaustively, and patients are followed up indefinitely. This study received approval from the Transplant Complications Working Party Review Board of the EBMT. Patient informed consent was not obtained because, according to the guidelines of the registry, it is the transplant center's responsibility to ensure that the patient has consented to the data collection before data are forwarded to the registry. Data analysis was conducted from September 3, 2017 , to March 17, 2018 We extracted data from the EBMT registry on all patients who received a transplant in Europe (including Turkey) and had an SSC diagnosis between January 1, 2000, and December 31, 2014. Cancers were defined by site according to the International Classification of Diseases for Oncology, 3rd Edition.
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We evaluated all patients together as well as patients treated with allogeneic and autologous HSCT separately. We restricted the analysis to patients who developed an SSC; nonmelanoma skin cancers were not included because these cancers in patients with a transplant, as in the general population, are nonlethal malignant neoplasms (thus, standardized mortality cannot be computed). Patients with congenital bone marrow failure or other congenital diseases, histiocytic disorders, autoimmune diseases, undefined cancer, and cancer diagnosis at autopsy as well as patients with missing data on type of transplant were excluded. For patients who developed more than 1 SSC after HSCT, the outcome was assessed from time of diagnosis of first SSC. No independent central review on diagnosis of SSC was performed.
We estimated the outcome of SSC occurring after HSCT from the time of cancer diagnosis, irrespective of cancer stage. The end points were OS since SSC diagnosis, cumulative incidence and risk factors of death from SSC, death rates, causes of death, and standardized mortality ratio (SMR) and absolute excess risk (AER) compared with de novo cancers.
Causes of death were defined as the primary disease, the SSC, or any other cause. Because of a large number of different primary diseases for which patients received a transplant, we used the Disease Risk Index (DRI) described by Armand et al, 22 which combines both diagnosis and status prior to transplant, to risk-stratify the patients into 3 groups: low, intermediate, or high risk.
Statistical Analysis
Patient demographics and disease characteristics were described using median and range for continuous variables and counts and percentages for categorical variables. Follow-up was calculated using the reverse Kaplan-Meier method, with the event indicator reversed (the end point being the loss of follow-up instead of death (64.5%) with autologous HSCT. The 5 most frequent SSCs were lung (n = 597), breast (n = 547), colorectal (n = 446), prostate (n = 410), and melanoma (n = 343) (Table) . The median (range) time of follow-up after SSC diagnosis was 3.65 (3.48-3.88) years: 3.86 years for the allogeneic HSCT group, and 3.58 years for the autologous HSCT group. The completeness of follow-up was 68%; 202 patients (4.9%) were lost to follow-up. The char- 
Outcome of Second Cancers
The OS at 5 years (Figure, A) after a diagnosis of SSC was 47% (95% CI, 45%-49%); it was 51.5% (95% CI, 48.4%-54.8%) in the allogeneic group and 44.5% (95% CI, 42.1%-47.0%) in the autologous group. The OS was mainly dependent on the type of SSC. The 5-year age-standardized survival rates of the different SSCs are shown in the Table and eFigure 1A in the Supplement. The 5-year OS after SSC diagnosis was poor for pancreas (8%; 95% CI, 3%-18%), lung (14%; 95% CI, 11%-19%), hepatobiliary (18%; 95% CI, 11%-31%), esophageal (21%; 95% CI, 13%-36%), brain (21%; 95% CI, 15%-30%), and gastric (29%; 95% CI, 21%-39%) cancers, with a median survival between 0.6 and 1 year. The 5-year OS was intermediate for endometrial (40%; 95% CI, 26%-63%), colorectal (41%; 95% CI, 36%-48%), sarcomas (42%; 95% CI, 34%-51%), ovarian (43%; 95% CI, 32%-58%), bladder (49%; 95% CI, 39%-62%), oropharyngeal (53%; 95% CI, 46%-62%), and kidney (55%; 95% CI, 47%-65%) cancers, with a median survival between 2 and 10 years. Five-year OS was more favorable for melanoma (68%; 95% CI, 62%-74%), breast (69%; 95% CI, 64%-74%), prostate (69%; 95% CI, 64%-75%), cervix (70%; 95% CI, 57%-86%), and thyroid (83%; 95% CI, 76%-92%) cancers, with a median survival of 10 or more years. The outcome of SSC after allogeneic HSCT did not essentially differ from the outcome of patients treated with autologous HSCT (Table) , with the exception of endometrial cancer and, to a lesser extent, sarcomas (eFigure 1B in the Supplement). 
Cause of Death
Risk Factor Analysis
Age at HSCT and type of SSC were risk factors for death in all patients (allogeneic and autologous as well as men and women). In the allogeneic group, additional risk factors in male patients were intermediate DRI, unrelated matched donor, conditioning with total body irradiation, and GVHD; in female patients, the risk factor was shorter interval between HSCT and SSC diagnosis (eTable 3 in the Supplement). In the autologous group, additional risk factors were high DRI at HSCT and longer interval between HSCT and SSC diagnosis in men and diagnosis of SSC between 2000 and 2008 (compared with 2009 and later) in women.
Standardized Mortality Rate and Absolute Excess Risk
The observed and expected cancer death rates per 1000 personyears, SMR, and AER for the different types of SSC are shown in eTable 4 in the Supplement. A significant increase in SMR with excess mortality was observed for prostate, breast, melanoma, kidney, bladder, colorectal, and endometrial cancers, A, The OS at 5 years after second solid cancer (SSC) diagnosis was 47% (95% CI, 45%-49%). B, Cumulative incidence with confidence limits of death from SSC at 5 years was 39% (95% CI, 37%-40%). C, Cumulative incidence with confidence limits of death from second breast, colorectal, or lung cancer were as follows: breast (13%; 95% CI, 10%-17%), colorectal (39%; 95% CI, 33%-44%), and lung (74%; 95% CI, 69%-78%).
Research Original Investigation
Meanwhile, SMR equal to 1 was seen for thyroid, cervix, oropharyngeal, ovarian, gastric, brain, and lung cancers. Decreased SMR was observed for esophageal, hepatobiliary, and pancreatic cancers (eFigure 2 in the Supplement). Few differences were seen between patients treated with allogeneic HSCT and those who received autologous HSCT (eTable 4 in the Supplement). In contrast to the whole cohort, patients treated with allogeneic HSCT had no excess of deaths linked to prostate (SMR, 1.49; 95% CI, 0.79-2.37) and kidney (SMR, 0.92; 95% CI, 0.4-1.62) cancers; autologous HSCT recipients had no excess of deaths linked to breast (SMR, 1.26; 95% CI, 0.85-1.75) and bladder (SMR, 1.48; 95% CI, 0.81-2.32) cancers. A decreased SMR in autologous HSCT was only seen for hepatobiliary (SMR, 0.60; 95% CI, 0.41-0.83) and pancreas (SMR, 0.44; 95% CI, 0.34-0.55) cancers but not esophageal (SMR, 0.99; 95% CI, 0.59-1.49) cancer.
Cumulative Incidence of Death From Second Cancer
The cumulative incidence of death from SSC at 5 years was 39% (95% CI, 37%-40%) (Figure, B) . The cumulative incidence of all SSC types is shown in the Table, and the cumulative incidence of death from breast (13%; 95% CI, 10%-17%), colorectal (39%; 95% CI, 33%-44%), and lung (74%; 95% CI, 69%-78%) cancers are shown in Figure, C.
Discussion
Our data from a large cohort of European patients demonstrate that outcome of SSC after HSCT depends strongly on the type of cancer. We were able to identify 3 prognostic groups of SSC diagnosis after HSCT. Thyroid, cervix, prostate, and breast cancers as well as melanoma had a more favorable outcome, with a median survival of 10 years or longer and a mean 5-year age-standardized OS between 68% and 83%. Sarcomas, kidney, oropharyngeal, bladder, ovarian, colorectal, and endometrial cancers had an intermediate outcome, with a median survival longer than 1 year but shorter than 10 years and a mean 5-year OS between 40% and 55%. Gastric, brain, esophageal, hepatobiliary, lung, and pancreas cancers had a poor outcome, with a median survival of 1 year or less and a mean 5-year OS between 8% and 21%. The main cause of death was SSC after diagnosis, accounting for 75% of all deaths. However, depending on the type of SSC, considerable variation was observed. Cancer was the cause of death in approximately half the patients with a favorable SSC, but the percentage approached 90% in patients with a poor outcome SSC. The main transplant-associated risk factors for mortality after SSC diagnosis were age at transplant, donor type, conditioning, and GVHD for patients treated with allogeneic HSCT. Solid cancers, which are common in the nontransplant population, are also the most common in the posttransplant population.
In the European general population, important disparities in survival exist among different de novo cancer types, with a mean 5-year relative survival ranging from 86% for thyroid cancers to 5.5% for pancreas cancers. 24, 25 The ranking of survival of the SSC types from our cohort was similar, with a mean 5-year age-standardized survival of 83% for thyroid cancers and 8% for pancreas cancers. For a number of SSCs, including cervix, oropharyngeal, ovarian, gastric, brain, and lung, the death rate did not exceed that expected in a nontransplant cancer population. Mortality excess was found for prostate, breast, melanoma, kidney, bladder, colorectal, and endometrial cancers, with a 1.4-to 5.5-fold increased risk of death. These findings are in line with published results from the Center for International Blood and Marrow Transplant Research on survival in a cohort of 112 patients who developed a solid tumor after HSCT. 19 Of note, the outcome of many SSC types was similar for patients treated with autologous and allogeneic HSCT. A discrepancy was found, however, with better outcome after allogeneic HSCT for endometrial, sarcoma, gastric, melanoma, and kidney cancers. A possible explanation could be the increased adherence to recommended guidelines for health care practices after allogeneic transplant.
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This study was not designed to evaluate the reasons for the differences in mortality rate as compared with de novo cancers, but several explanations for an increased SMR can be considered. First, the biologic behavior of an SSC and its responsiveness to treatment might differ from the behavior of de novo cancers. In a large population-based study of adolescents and young adults who did not receive a transplant, survival was substantially worse for patients with SSC compared with patients with a similar primary cancer at the same age. 27 vors who were treated with radiation on the abdomen are at greater risk for colorectal cancer. 35 The risk of second colorectal cancer is also higher among Hodgkin lymphoma survivors who had received infra-diaphragmatic radiation and high doses of procarbazine hydrochloride. 36 Moreover, an excess of second colon cancer has been reported for prostate cancer after external radiation but not after treatment without radiation.
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To our knowledge, we reported for the first time not only a high number of second colorectal cancers after HSCT but also that these second colorectal cancers had a worse prognosis (increased SMR) compared with de novo cancers in the general population.
Limitations
The study has several limitations, mainly because of its retrospective design and the follow-up time from diagnosis of SSC. We lacked detailed information specific to the SSC, namely their stage and treatment. In addition, the length of follow-up from SSC diagnosis was short at 3.65 years. This study was deliberately restricted to patients who developed SSC after 2000 to enable us to evaluate outcomes with modern cancer treatments, because these data are of particular value to the hematology-oncology community. The short follow-up also reflects, in part, the number of deaths after SSC diagnosis; 30% of patients had poor-risk cancers associated with a median survival of less than 1 year, and nonmelanoma skin cancers, which do not affect survival, were excluded. This is not the case for other studies that have examined survival from cancer after HSCT. 19 Despite this, completeness of follow-up in this study was nearly 70%, with only 5% of patients lost to follow-up. To our knowledge, no other transplant registry exists that combines such a high number of patients with a high degree of relevant information, allowing the consideration of the outcome of an SSC and transplant-associated factors.
Conclusions
This study demonstrated that the outcome of an SSC after HSCT is mainly dependent on the type of malignant neoplasm. Demographics and transplant-associated factors are also relevant, however. Survival is worse for some specific types of SSC, but overall these patients have comparable chances of survival to those of patients with the same de novo cancer. In light of increased SMR for some cancers, further investigations should consider whether patients with SSC after HSCT must be treated differently from the general population. This study will require close cooperation between oncologists and hematologists.
10. Socié G, Henry-Amar M, Cosset JM, Devergie A, Girinsky T, Gluckman E. Conditioning for autologous HSCT TB) no ref versus yes Abbreviations (SCT hematopoietic stem cell transplantation GV(D graft versus host disease R)C reduced intensity conditioning MSD matched sibling donor MUD matched unrelated donor MAC chemo myeloablative conditioning with chemotherapy TB) total body irradiation MAC TB) myeloablative conditioning with TB) a increment per years Empty cells are due to cancers not occurring in males cervix breast ovarian endometrial in females prostate due to too low number of cancers kidney bladder esophageal hepatobiliary pancreas in females treated with allogeneic (SCT esophageal in females treated with autologous transplantation or not applicable conditioning after autologous respectively allogeneic (SCT
